• Context The genetic development of some wood quality characteristics in early stage is particularly attractive since these properties are generally inherited. A clear understanding of the genetic control of chemical properties of wood (extractives, holocellulose, and lignin content) and growth traits (tree height, diameter at breast height, and stem volume) of corewood is a prerequisite for breeding for higher wood quality in triploid hybrid clones of Populus tomentosa.
Abstract
• Context The genetic development of some wood quality characteristics in early stage is particularly attractive since these properties are generally inherited. A clear understanding of the genetic control of chemical properties of wood (extractives, holocellulose, and lignin content) and growth traits (tree height, diameter at breast height, and stem volume) of corewood is a prerequisite for breeding for higher wood quality in triploid hybrid clones of Populus tomentosa.
• Aims The experiments aimed at unraveling genetic effect and clone×site interactions on chemical properties of wood and growth traits of corewood derived from triploid hybrid clones of P. tomentosa.
• Methods Four 5-year-old clonal trials established in northern China were used to determine the clonal variations and clone×site interactions of chemical properties of wood and growth traits. Two hundred sixteen trees from nine clones were sampled in the four sites.
• Results Site had a highly significant (P<0.001) effect on extractives and tree growth and a moderate effect on lignin and holocellulose. Clonal effects were also significant (P<0.05) for all studied traits. Clone×site interactions were significant for all studied traits except for holocellulose. No significant estimated correlations between chemical properties of wood and growth traits were observed. However, a weak and negative estimated correlation between lignin and growth traits existed. This suggests that selection for growth traits might lead to a minor reduction in lignin in triploid breeding of P. tomentosa.
• Conclusions Our results revealed that chemical properties of wood were under stronger genetic control than growth traits in triploid hybrid clones of P. tomentosa. Therefore, breeding programs might be able to improve these chemical properties of wood and growth traits in these hybrids.
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Introduction
Chinese white poplar, Populus tomentosa Carr. (section Populus, family Salicaceae, genus Populus), is a native timber species to China. As an important and fast growing tree of good quality, it is widely used for landscape cultivation, ecological protection, and the production of timber and pulp. Natural triploid P. tomentosa (2n=3x=57) which was considered to originate a natural 2n pollen crossing a normal (1n) egg was first discovered in 1992 by Zhu et al. (2006) and described as a tree of larger than normal size with large leaves. The growth rate of the triploid is as approximately two times as that of the diploid, and these trees have longer fibers and improved pulp properties (Yao and Pu 1998) . The discovery and subsequent evaluations of the triploid P. tomentosa attracted the attention of investigators, leading to a search for successful triploid breeding programs using selection, hybridization, and polyploidy techniques (Zhu et al. 1995; Kang et al. 1999 Kang et al. , 2000 .
Triploid breeding and intensive silviculture of triploid hybrid P. tomentosa have increased forest plantation productivity significantly in northern China. With improved growth, rotation ages have been reduced to about 5 to 10 years compared with 10 to 20 years in unimproved stands (Zhu 2006 ). Therefore, the percent of corewood from plantations has increased mainly because of faster growth and early harvesting. Corewood typically has less desirable wood properties than mature wood, e.g., lower density, shorter fiber length, and higher lignin content. These wood properties are associated with low pulp yield and high pulping costs (Shupe et al. 1996; Sykes et al. 2003) .
The genetic development of some wood quality characteristics in early stage is particularly attractive since properties such as wood density, fiber morphology, and elastic modulus are generally inherited (Zobel and van Buijtenen 1989; Pu et al. 2002; Lindström et al. 2004; Naranjo et al. 2012) . Furthermore, these properties show moderate genetic ageage correlations between juvenile and mature wood, demonstrating that tree selection could be effective even in relatively young trees and thus may be based on phenotypic selection as well (Hannrup and Ekberg 1998; Hylen 1999) . Moreover, some other property traits can be highly correlated; for example, wood density can be used as an indicator of fiber morphology (e.g., fiber length, fiber diameter, and fiber wall thickness) since fiber morphology has a strong effect on density (Zhang et al. 2012) .
In China, triploid breeding programs for P. tomentosa have, in general, emphasized improvements in tree growth, trunk formation, disease resistance, and adaptability (Zhu 2006) . A few studies have focused on the wood properties of triploid clones of P. tomentosa. Variations in wood density among clones, radial direction, and vertical direction were reported by Xing and Zhang (2000) . Pu et al. (2002) examined variations in fiber morphology between clones and annual rings, while Wu et al. (2011) studied the genetic parameters of fiber traits. However, these studies were performed on a single site or based on a small number of samples or clones, whereas the present study used the same nine clones studied by Wu et al. (2013) on each of the four sites. For tree improvement purpose, estimation of quantitative parameters requires that more genotypes than those used in the previous studies be tested and that studies are conducted at different locations. Additionally, it is important to study wood quality traits before incorporating them into tree breeding programs to maximize the economic gains.
Recently, Zhang et al. (2012) reported the genetic variations of tree growth, basic wood density, and fiber length of triploid hybrid clones of P. tomentosa at three clonal trials. Based on the same set of triploid hybrid clones, genetic control of fiber properties (fiber length, fiber width, coarseness) and their correlations to growth rate were documented by Zhang et al. (2013) . To better understand the genetic control of wood density and fiber properties, estimation of genotypic parameters of these wood properties in triploid hybrid clones of P. tomentosa at five clonal trials were showed by Wu et al. (2013) . Within-stem variations in basic wood density and fiber properties of triploid hybrids of P. tomentosa at three clonal trials were analyzed (Wu et al. 2014) . However, little has been done to improve chemical properties of wood in triploid hybrid clones of P. tomentosa in China.
In this study, we examined chemical properties of wood and growth of nine triploid clones of P. tomentosa in northern China. The objective of our study was threefold: to (1) compare genetic variation in primary growth traits, extractive content, holocellulose content, and lignin content on four field test sites; (2) examine genotype by environment interaction of the same traits; and (3) study relationships between growth traits and chemical properties of wood.
Materials and methods

Material and data collection
The materials used in this study were based on four triploid hybrid poplar clonal trials in northern China, which were established with cuttings by Beijing Forestry University on agricultural soil. Characteristics of the four clonal trials are described by Wu et al. (2013) and presented in Table 1 . The planted cuttings were 20-25 cm in length and 1.5-2.0 cm in diameter. There were three replicates in the nursery. Clonal trials were established in a randomized block design with three blocks. The trials consisted of nine triploid hybrid clones on each site ( Table 2 ). The nine triploid hybrid clones were induced from a crossing between a 2n pollen producer of diploid P. tomentosa and a diploid hybrid P. tomentosa× Populus bolleana L. (Zhu et al. 1995) or a diploid hybrid Populus alba L.×Populus glandulosa Uyeki (Zhu 2006) . Seven of them came from the first hybrid combination, while the P. tomentosa×P. bolleana parents were produced by Xu in 1958. The P. alba×P. glandulosa parents were introduced from Korea in 1984. No thinning was applied during the trial period until the time of measurements.
In the spring of 2009 and 2010, 216 trees were sampled from the four sites, so as to retain the consistency of the 5-year-old sample. On each site, trees were sampled randomly, six ramets (from the six different trees) per clone were chosen fully at random. Total tree height and diameter at breast height (DBH) of all sampled trees were measured at 5 years of age by the triploid poplar breeding program of Beijing Forestry University. Stem volume was calculated for each sample based on a volume function of DBH and tree height used by Chen (1989) . For wood chemical composition evaluation, all the tree samples were transported to Beijing Forestry University. A 10-cm-thick disc was taken from each tree at breast height for laboratory measurements.
In the laboratory, the bark and cambium were removed from the stem discs, and the discs with heartwood were cut into small strips used for the determination of chemical composition. Only samples free of compression wood are used in analysis. Wood chips for each disc were composited separately for each tree. Sample discs were chopped, air dried, and ground to wood meal which passed through a 40-mesh sieve. Chemical composition evaluated by the following procedures: ASTM D1105-96 for extractive content, ASTM D1106-96 for Klason lignin content, and GB/T2677 10-1995 (Chinese standard methods for the fibrous raw material) for the holocellulose content (Jin and Kamdem 2009).
Statistical analysis
Analyses of variance were done using the UNIVARIATE procedure of the SPSS software (SPSS for Windows, version 13, SPSS, Chicago, IL). Because of the variance heterogeneity, a transformation of the data was done for extractives % (1/extractives %), holocellulose % (1/holocellulose %) and lignin % (1/lignin %) before analyses of variance were done (Zubizarreta et al. 2007) .
Variation among ramets of the sample clones was analyzed by analysis of variance, using a linear model (1) (Zhang et al. 2003) :
All terms were considered random, except for location considered as a fixed effect.
Repeatability of clone means was calculated according to the following formula:
and the individual-tree clonal repeatability across sites was estimated as
Approximate standard errors (SE) for repeatability estimates were calculated based on the following formula (Becker 1992) :
where N is the number of clones tested. The inter-trait clonal correlations on each site were estimated as follows (Becker 1984) :
The corresponding clonal variance components were estimated from data collected from the same individual-tree data, using cross-products analogously to using mean squares for estimating variance components. The approximate standard errors of genetic correlation estimates were computed using the following equation (Falconer 1981) :
Significance of between-trait genetic correlations was tested approximately using Eq. 4 as the basis for t tests.
The estimates of genetic correlations between the same traits assessed in different sites were calculated to evaluate the contribution of each pair of treatments to the total clone× environment. These type B genotypic correlations (Burdon 1977) were estimated based on measurements of sample ramets from the same clones planted on different sites using the following formula:
The phenotypic correlations of clonal means for each pair of traits were calculated and tested for significance using the SPSS PROC CORR software and tested for significance using the F test.
Results
Basic statistics and variation within and among sites
The mean values, range of variation, and coefficients of phenotypic variation of all studied traits in each of the four clonal trials are presented in Table 3 . Trees from the Zhengzhou site had the lowest lignin. The highest lignin was observed at the Gaotang site. The difference of lignin between the lowest and highest means was 7.2 % ( Table 3 ). The growth was the fastest at Zhengzhou and slowest at Yanzhou. The highest holocellulose were observed at Gaotang, and the lowest at Yanzhou. Among all sites, the largest stem volumes of trees were found at Zhengzhou. However, phenotypic variation of the composite trait was slightly higher than that of the less productive Yanzhou. Joint analysis of all four trials showed significant site effects for all traits (Table 4 ). Holocellulose and lignin except for extractives and stem volume displayed a small phenotypic variation (CV=0.990-5.18 %), which was much lower than tree height variation and DBH variation.
Clonal variation and repeatability
Results of analysis of variance for the four sites combined are summarized in Table 4 . Significant differences in both growth traits and wood chemical properties were found among the clones (Table 4) . For all traits, variance due to error (namely, differences among ramets within a clone within a site) accounted for most of the variation in these traits, ranging from 46.1 to 64.5 % of the total variation. Most of the variance in lignin (35.6 %), however, was due to the clone. Therefore, lignin in the triploid hybrid poplar clones had the highest estimated repeatability (0.811) and estimated individual-tree clonal repeatability (0.357) ( Table 4) .
Estimates of repeatability at clone-mean and individualtree levels for tree growth and chemical properties of wood at individual sites are presented in Table 5 . No significant difference in tree height, DBH, stem volume, extractives, and holocellulose was found among the clones at Yanzhou. Therefore, we did not estimate the repeatabilities of these traits. Estimated clonal repeatability for lignin ranged from 0.726 to 0.906 and from 0.758 to 0.919 for extractives. Estimated clonal repeatability of growth traits varied from 0.614 to 0.908. However, these differences in repeatability estimates were often insignificant. Repeatability of DBH ranged from 0.614 to 0.823, which was as much as that of stem volume (0.699 to 0.818). In this study, significant interaction of clone×site was observed for the studies of all chemical properties of wood (except for holocellulose) and tree growth traits (Table 4) . Holocellulose had a higher ratio of clone×site interaction variance to the sum of clonal and clone×site interaction variances (66.6 %) than other traits. Inter-site genetic correlations are presented in Table 6 . Some inter-site genetic correlations between the same traits with pairs of Yanzhou-Gaotang, Yanzhou-Xiangfen, and Yanzhou-Zhengzhou were not estimated because no significant difference in tree height, DBH, stem volume, extractives, and holocellulose was found among the clones at Yanzhou. Most of the inter-site (B type) genetic correlations between the same traits with pairs of sites were either moderate or strong (Table 6 ). Higher inter-site genetic correlations were observed in chemical properties of wood (except for holocellulose and lignin) than growth traits. Among all studied traits, extractives showed the highest inter-site genetic correlations (0.901), followed by correlations in lignin (0.392-0.794). However, compared with chemical properties of wood, growth traits had generally lower inter-site genetic correlations (0.313-0.778). The lowest inter-site genetic correlations were observed in stem volume; this could be due to the lower estimated ratio of clonal variance to the sum of clonal and clone×site variances (Table 4) .
Genetic correlations between traits
Estimated genetic correlations and phenotypic correlations between chemical properties of wood and growth traits are presented in Table 7 . Most of the genetic correlations between chemical properties of wood and growth traits were not estimated at Yanzhou due to the absence of repeatabilities of tree height, DBH, stem volume, extractives, and holocellulose. Those between chemical properties of wood and growth traits were not significantly correlated with both phenotypically and genetically. However, a weak and negative estimated correlation between lignin and growth traits existed. Among chemical properties of wood, a positive or significantly positive estimated genetic correlation was found between lignin and extractives at each site. However, a significantly negative estimated genetic correlation between holocellulose and extractives was observed at each site. A negative estimated correlation was also observed between lignin and holocellulose. There are some strong positive autocorrelations among stem volume, tree height, and DBH, because stem volume was derived from tree height and DBH.
Discussion
Variation among sites
Site effects reflect the reaction of trees to the combined effects of edaphic as well as local and regional climatic conditions (Pliura et al. 2007) . Even if present experiments were not designed to separate these various effects, some conclusions could be drawn. The slower growth rate at Yanzhou was probably due to poor drainage (because of soil compaction) and wet weather during the early period of the trial (Zhang et al. 2012) . The joint analysis of all the four trials showed significant site effects for all studied traits (Table 4) . Site effects were much smaller for holocellulose, as evidenced by larger P values, indicating that trees had less phenotypic plasticity for this character.
The mean lignin of all studied clones was lower at the most productive Zhengzhou site than the least productive Yanzhou site (Table 3 ). This tendency corresponds to the expectation that plants grow at the optimum conditions with lower lignin, as lignin is negatively correlated with tree growth, which in turn relates to plant nutritional status (Yu et al. 2001 ).
Clonal variation and repeatability
Clonal effects in the joint analysis for all chemical properties of wood and growth traits were significant (P<0.05). The higher significance of clonal effects was observed at Gaotang, Xiangfen, and Zhengzhou sites (except for holocellulose) ( Table 5 ), indicating that these three sites resulted in larger genetic variation and smaller environment variation than a less productive site. Previous studies (Yanchuk et al. 1983; Yu et al. 2001; Zhang et al. 2003 Zhang et al. , 2012 Li et al. 2005; Seyed et al. 2011 ) also reported a significant clonal effect in wood properties and growth traits of poplars or their hybrids. Same difference was found in the same clones, or clones or hybrids are not important, for example, Yanchuk et al. (1983) , who studied in Alberta. From tree breeding and wood utilization perspectives for pulp and paper, the variation in lignin content among triploid hybrids was substantial, with a phenotypic CVof 4.32-5.18 %, depending on the site. The lignin values of triploid poplar hybrids, which varied from 17.71 to 22.49 %, were similar to those reported previously for clones of P. × euramericana (Dode) Guinier (Luo and Polle 2009) , Populus nigra L. and P. alba L. (Kačík et al. 2012) , and P. tomentosa (Ren and Zhou 2006) , for hybrids involving Populus tremula and P. alba (Lapierre et al. 1999) . However, the present lignin values of triploid clones were somewhat lower than those reported for Populus ciliata Wall ex Royle (Khattak and Ghazi 2001) . Higher mean lignin values also had been reported for clones of Populus trichocarpa Torr. (Studer et al. 2011) , for hybrid poplars (Sannigrahi et al. 2010 ). These differences might be due to the methods of estimation of lignin, the parentage of hybrids involved in the studies (e.g., P. tremula), clonal variation within hybrids, differences in environmental conditions, differences in cambial age of sampled and measured rings, and differences in sampling height.
The mean holocellulose of individual clones ranged from 81.27 to 85.05 % at Yanzhou, from 81.85 to 85.32 % at Gaotang, from 81.59 to 85.11 % at Xiangfen, and from 81.27 to 85.92 at Zhengzhou. Jin and Kamdem (2009) reported that holocellulose of 6-year-old diploid P. nigra hybrids ranged from 80.05 to 80.18 %. Fengel and Wegener (2003) summarized the results of several authors and presented the following data of various poplar clones: holocellulose 78. 4-80.3 %, lignin 17.6-20.9 %, extractives 3.3-3.8 %, and ash 0.4 %. Ren and Zhou reported (2006) that holocellulose of P. Olson et al. (1985) reported that the average holocellulose of 75 3-yearold Populus deltoides ssp. clones was of 80.2 %. Khattak and Ghazi (2001) found that average holocellulose of P. ciliata Maximowiczii clones was 69.10 %. Obviously, in the present study, the mean holocellulose (83.00-83.73 %) of triploid clones measured was slightly higher than that of the other diploid hybrids. The higher holocellulose might be partly due to the fact that triploid breeding of P. tomentosa can improve the holocellulose (Zhu 2006 (Table 4) . This finding agreed with previous reports on the presence of significant clone×site interaction for lignin and extractives of poplar hybrid clones (Yu et al. 2001; Kačík et al. 2012) . To reduce the cost, chemical properties were, in previous studies, not measured for each clone at each site on hybrid poplar clones. Clone×site interaction observed in the current study might have a certain limit because of the wide array of site differences. For growth traits, clone×site interaction in the present study, while significant, might be sufficient to justify detailed clonal testing in order to achieve optimal clonal deployment. Theoretically, type B genetic correlations range between 0.0 and 1.0. High correlation coefficients show lack of genotype by environment interactions. The type B genetic correlation value (0.392) between Yanzhou and Zhengzhou for lignin (Table 6 ) indicated that true G×E interaction was present and that difference between these two sites contributed the most to the clone×site interaction. However, the estimated type B genotypic correlation between Gaotang and Zhengzhou for extractives was mostly positive (Table 6 ), which indicated that the chemical property of wood of the clones was rather stable across sites. This observation corresponded to the conclusions of Zobel and Jett (1995) that relative performance of genotypes across environments for wood properties was rather stable.
Genetic correlations
Earlier studies of hybrid aspen clones suggested that lignin had a negative association with volume growth (Yu et al. 2001) . In the present study, a negative genetic correlation was also observed between lignin and stem volume. Therefore, selection for SV might lead to a slight decrease in lignin.
Lignin had moderately high and negative (favorable) genetic correlations with holocellulose. The favorable correlations indicated that selection for holocellulose could decrease lignin in a selection program of triploid hybrid clones of P. tomentosa. Increasing holocellulose may result in the production of more paper per cubic meter of wood, less lignin, and more efficient pulping and bleaching. However, before considering one or two wood traits for breeding and selection, more efforts are needed. Tree improvement programs should decide which traits will be of most importance in the future before incorporating them into their breeding programs.
Conclusion
From the tests and the analyses conducted, it can be appeared to be that chemical properties of wood (except for holocellulose and extractives) of trees were under stronger genetic control than growth traits. Individual-tree repeatabilities were generally weak, but repeatabilities of clonal means were from moderate to high. The site/location had a highly significant (P<0.001) effect on extractives and tree growth and a moderate effect on lignin and holocellulose. Clonal effects were also significant (P<0.05) for all studied traits. Clone×site interactions were significant for all studied traits except for holocellulose. No significant estimated correlations between chemical properties of wood and growth traits were observed. However, a weak and negative estimated correlation between lignin and growth traits existed. This suggests that selection for growth traits might lead to a minor reduction in lignin in triploid breeding of P. tomentosa. The results from this study were based on a small number of triploid hybrid clones derived from several parents. Further research is needed to fully understand the implications of the genetic control of wood chemical properties and their potential for inclusion in tree improvement programs.
